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Introduction
The rate of anatomical closure of idiopathic macular holes (MHs) improved significantly after the internal limiting membrane (ILM) was removed during the vitrectomy. 1 Staining the ILM with indocyanine green (ICG) has been a standard technique during its removal around the MH, and currently, other dyes such as Brilliant blue G are used for this because of the reported cytotoxicity of ICG. A recent prospective randomized study showed a significant improvement in the rate of primary MH closure with lower incidence of reoperation in the ILM-peeled group. 2 The development of spectral domain optical coherence tomography (SD-OCT) has made it possible to study the morphology of the different retinal layers in more detail. 3 Relevant to this study, the ganglion cell complex (GCC), the layer between the ILM and inner nuclear layer of the retina, can be easily differentiated and its thickness measured by a program embedded in the SD-OCT. The functioning of the inner retinal layers is related to the thickness of the GCC, and the thickness has been found to be reduced in glaucoma patients. 4 We have reported that the recovery of vision after MH surgery was well correlated with the presence of the photoreceptor inner/outer segment (IS/OS) line, the external limiting membrane (ELM), and normal foveal morphology in the OCT images. [5] [6] [7] Some of the cases also have a thinning of the GCC, although there has not been a study that reported a reduction in the GCC thickness after MH surgery with ILM peeling. There have been studies showing that the retinal nerve fiber layer changes after idiopathic MH surgery. [8] [9] [10] Thus, the purpose of this study was to determine whether the GCC becomes thinner after ILM peeling for an MH. The relationship between retinal sensitivity and the GCC thickness was also determined.
Patients and methods
This was a retrospective and non-randomized study of 28 eyes of 28 consecutive patients with a MH. All cases were examined and treated at the Chiba University Hospital from December 2009 to April 2010. This study was approved by the Institutional Review Board of Chiba University Graduate School of Medicine, and the procedures used conformed to the tenets of the Declaration of Helsinki. Patients were informed on the purpose of the treatments and possible complications, and a written informed consent was obtained from all patients.
The surgical procedure consisted of 23-gauge, 3-port pars plana vitrectomy combined with phacoemulsification and aspiration, and implantation of a foldable intraocular lens. The surgery was performed by three of the authors (TB, ES, SY). As all of the surgeons were experienced and had performed many MH surgeries with ILM peeling, an improvement of the surgeons' skill during this time period can be eliminated. These three surgeons used similar techniques, and the surgical times were not significantly different among them.
A posterior vitreous detachment was created if one was not present. Cases with an obvious epiretinal membrane (ERM) were excluded to avoid the effect of ERM peeling. Cases with dense cataract (grade 3 or more, by Emery-Little scale) were also excluded to eliminate the possibility that the postoperative visual improvement was due to the cataract extraction.
The ILM temporal to the macular was made visible by ICG, and it was lifted with a 23-gauge needle and grasped with an ILM forceps. The ILM was peeled off the retina over approximately three disc diameters in all cases. ICG was prepared as 0.125% solution diluted in balanced salt solution and was washed out immediately after the injection. In all cases, an air tamponade was used, and patients were instructed to maintain a prone position for at least 3 days after the surgery.
All patients had a complete ophthalmic examination, including measurements of the best-corrected visual acuity (BCVA), slit-lamp examination, indirect ophthalmoscopy, microperimetry (MP1, Nidek Technologies, Aichi, Japan), and SD-OCT (RTVue-100, Optovue, Fremont, CA, USA). These tests were done at the initial examination and at 3 and 6 months postoperatively.
The retinal sensitivity was determined with the MP1 with the software (version, 1.4.2.SP1) embedded in the device. The Goldmann III, 4 À 2 staircase strategy was used and the sensitivity of 24 locations within the central 10 degrees was determined. 11 The GCC thickness was determined by the GCC measuring mode of the original software of the SD-OCT. This program automatically measures the total thickness of the nerve fiber layer, ganglion cell layer, and inner plexiform layer (IPL). The GCC thickness was measured within a 6 mm Â 6 mm square centered slightly temporal to the fovea, and the values are given by the average of the overall area except for the fovea. As the ganglion cell complex within 0.75 mm of the foveal center is too thin to be reliably measured in the region, this area was excluded from the GCC analysis. The reproducibility of the measurement of GCC was confirmed by multiple observations of the studied and fellow eyes. The baseline and postoperative GCC thickness was also compared with that in unaffected eyes, which had no ocular pathology, including MH, ERM, and glaucoma.
Statistical analyses for the changes in the BCVA and GCC thickness were made using paired t-tests. The relationships between the GCC and the retinal sensitivity were tested by Spearman's coefficients of correlation. P-values o0.05 were considered to be statistically significant.
Results
The patients' age ranged from 54 to 77 (mean 65.7 ± 7.3) years. Nine men and 19 women were studied. The estimated duration from onset to surgery ranged 1-8 months with a mean of 3.6 ± 1.7 months. The MH stage was stage 2 in 7 eyes, stage 3 in 12 eyes, and stage 4 in 9 eyes. The MH size was calculated to be the average of the vertical and horizontal diameters, and it was 801±201 mm. The baseline mean BCVA was 0.82±0.31 logarithm of the minimum angle of resolution (logMAR) units (0.15 in decimal units) with a range from 0.16 to 1.22 logMAR units (0.05 to 0.7).
The MH was closed in all cases after the initial surgery. No intraoperative or postoperative complications including an elevation of intraocular pressure were observed. The findings in a representative case are presented in Figure 1 . The mean preoperative BCVA was 0.82 ± 0.31 logMAR units (0.15), and it was 0.49 ± 0.28 logMAR units (0.32) at 3 months and 0.37 ± 0.27 logMAR units (0.43) at 6 months ( Figure 2 ). The improvement in the BCVA from the baseline was significant at each time (Po0.001 at 3 months and Po0.001 at 6 months).
The mean GCC thickness at 3 and 6 months after the surgery was significantly reduced from 95.5±6.8 to Figure 1 Left eye of 62-year-old Japanese woman treated by pars plana vitrectomy with ILM peeling using ICG. Two months after the onset of vision decrease, the patient underwent vitrectomy. A stage 3 MH was found (a) and the preoperative decimal BCVA was 0.08. The average retinal sensitivity of the central 10 degrees measured by MP1 microperimetry was 11.2 dB (b). GCC thickness map was determined by SD-OCT, and the average thickness was 103.2 mm (c). Three months after the surgery, the MH was closed and the decimal BCVA improved to 0.2 (d). Retinal sensitivity of the central 10 degrees was 16.5 dB (e). The average GCC thickness decreased to 79.2 mm (f). The area shown in red indicates significantly thinner GCC (Po0.01). The retinal sensitivity in the area with GCC thinning temporal and inferior to fovea is lower than other areas. Six months after the surgery, the MH is closed and the decimal BCVA was improved to 0.4 (g). Retinal sensitivity of the central 10 degrees is 14.8 dB (h). The average GCC thickness decreased to 76.6 mm (i). The area with the GCC thinning temporal to the fovea has enlarged. The GCC thickness is shown between two white lines in a preoperative horizontal cross-sectional OCT image (j). The closure of MH was observed and the GCC thickness was slightly reduced at 3 months after the surgery (k). At 6 months after surgery, the GCC was thinner especially at temporal area (l).
84.9 ± 10.0 and to 84.2 ± 10.8 mm (Po0.001 and Po0.001, respectively).
The changes in the GCC thickness from the baseline to 6 months after the surgery are shown in Figure 3 . The mean thickness of GCC in the unaffected fellow eyes was 94.7 ± 5.4 mm, and this value was used as the normal GCC thickness in this study. The postoperative GCC thickness was significantly thinner than that of the fellow eyes at 3 and 6 months postoperatively (P ¼ 0.007 and P ¼ 0.010, respectively). The thinning of the GCC was usually located temporal and inferior to the fovea where the initial ILM flap was made. However, the area of GCC thinning was larger than the area where the retina was touched by the forceps (Figure 1 ). This was confirmed by reviewing a video in each case. The algorithm for the GCC measurements by RTVue-100 correctly followed the retinal surface and outer edge of the IPL even after ILM peeling. The accuracy of the measurements was confirmed in all GCC measurements around the fovea by viewing the raw data.
At 6 months, the GCC thickness and retinal sensitivity of the central 10 degrees was moderately correlated (r ¼ 0.55; P ¼ 0.004; Figure 4 ).
Discussion
Our results showed that all of the idiopathic MHs were closed after vitrectomy with the ILM made visible by ICG. The BCVA improved significantly in all eyes, and the GCC thickness was significantly reduced at 3 and 6 months. In addition, there was a significant correlation between the GCC thickness and the retinal sensitivity in the central 10 degrees at 6 months.
The GCC thickness measurements were originally designed to evaluate the ganglion cell loss in the macular area where 50% of all ganglion cells exist in glaucoma cases. The GCC has been shown to be significantly thinner in advanced glaucoma patients than in mild glaucoma cases. 4 The SD-OCT scan covers a 6 mm Â 6 mm area and is centered slightly temporal to the fovea to detect early ganglion cell loss in eyes with glaucoma. As this program does not include the area within 0.75 mm of the foveal center (1.5-mm diameter circle) for GCC measurement, the thickened retina around the MH preoperatively had little influence on preoperative GCC thickness. This OCT-scanned area corresponds to 20 degrees, which includes the central 10 degrees measured by MP1 microperimetry. Figure 2 Change of visual acuity up to 6 months after the MH surgery. BCVA was significantly improved after initial surgery with ILM peeling. P-values adjacent to the lines show the significance of change from the baseline. Decimal equivalent is also shown in parenthesis. Figure 3 Changes of GCC thickness from baseline to 6 months after the MH surgery. The GCC thickness was reduced in all cases at 6 months after surgery (Po0.001). In the studied eyes, the GCC thickness at 6 months was smaller than normal GCC thickness of 94.7 mm, except for three eyes. The normal GCC thickness is marked by the shadowed area (94.7±5.4 mm) based on the GCC thickness in unaffected fellow eyes. Broken lines indicate the average thickness of GCC in fellow eyes. This overlap allowed us to determine the relationship between these two values. In addition, this area covered the area where the ILM was peeled, and it was possible to study the functional and morphological changes of this area after ILM peeling.
According to previous reports, the thickness of GCC measured by RTvue-100 in normal eyes ranged from 93.7 to 95.1 mm. 4, [12] [13] [14] The GCC thickness obtained from the unaffected fellow eyes was 94.7 ± 5.4 mm, which is comparable to that in other studies. The postoperative GCC thickness in our study was 84.2 ± 10.8 mm at 6 months, and it was thinner than normal GCC thickness by approximately 10 mm. The reduction of GCC thickness was significant after ILM peeling for MH surgery. We observed a greater reduction of the GCC thickness at 6 months than at 3 months. This might indicate an ongoing process of resolution of retinal edema caused by ILM peeling. Further studies with longer observation periods would be helpful in confirming this hypothesis.
We suggest two possible explanations for the GCC reduction. The first is a mechanical manipulation of the ILM, which damaged the GCC. The thickness of ILM has been reported to be about 2.5 mm in the posterior pole, 15 and the removal of the ILM means that the reduction of GCC thickness should be by at least this much. The presence of neuronal and ganglion cells on surgically excised ILM by immunohistochemistry 16 supports this idea. The second possibility is that the reduction was due to the cytotoxicity of ICG used during the ILM peeling. There are in vivo and in vitro studies demonstrating the cytotoxic effects of ICG on ganglion cells. [17] [18] [19] [20] There have been reports that intravitreal ICG remains more than 3 months after vitrectomy, [21] [22] [23] and we studied GCC thickness at 3 and 6 months in this study. To confirm the cytotoxic effects of ICG, we need to study a group of cases treated with ILM peeling without the use of a dye. However, it is quite difficult to confirm the area of ILM peeling without making the ILM visible, which is critical for comparing the postoperative data.
There was a significant correlation between the GCC thickness and the retinal sensitivity in the central 10 degrees at 3 and 6 months. A thinner GCC was associated with lower retinal sensitivity as shown earlier in glaucoma cases. 24, 25 As the GCC thickness changed in the area corresponding to the ILM peeled area, measuring not only central visual acuity but retinal sensitivity seems important to evaluate postoperative macular function after ILM peeling.
The postoperative BCVA improved significantly in spite of the GCC thinning. The foveal microstructure, for example, MH closure and IS/OS and ELM restoration, must have more influence on the recovery of central visual acuity. However, the GCC thickness affected retinal sensitivity surrounding the fovea, because the ganglion cells are absent at the foveal pit and the IS/OS line, and the ELM are usually well restored outside the fovea.
It has not been reported that the temporal retina is thinner after ERM removal. The retina is usually thicker because of traction by the ERM, and it takes some time to reduce the swelling after the surgery. In many ERM cases, the retina remains thickened and the foveal depression is shallow for years. On the other hand, our MH cases had a GCC thinning postoperatively. MH cases usually have no retinal thickening, except for the area adjacent to MH. This difference can explain the lack of thinning of the temporal retina in postoperative ERM cases.
The limitations in this study are the short observation period of 6 months, small number of eyes, no control eyes for use of ICG, and its retrospective nature. Therefore, further studies with longer observation periods and larger sample size are needed to confirm these results. However, the thinning of GCC was significant even at 3 months, and we believed that it was meaningful to report these data at this time as the preliminary data.
In conclusion, we investigated the reduction of GCC thickness after ILM peeling using ICG. Although the ILM peeling is essential for successful MH surgery, a significant correlation between the postoperative thickness of the GCC and retinal sensitivity suggested the importance of a postoperative change of GCC thickness.
Summary
What was known before K There have been studies showing that the retinal nerve fiber layer changes after idiopathic MH surgery, but the relationship between the inner retinal changes and retinal function has not been determined.
What this study adds
K The GCC thickness was significantly reduced at 3 and 6 months after ILM peeling during MH surgery.
K A significant correlation between the postoperative thickness of the GCC and retinal sensitivity suggested the importance of a postoperative change of GCC thickness.
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1.
You are seeing a 65-year-old woman in a preoperative visit before closure of an idiopathic MH. What should you consider regarding MH repair as you discuss the procedure with the patient?
A Brilliant blue G is not used to identify the ILM because of its associated cytotoxicity B ILM removal results in significant improvements in the rate of primary MH closure C The ELM does not affect outcomes of MH surgery D The foveal morphology does not affect outcomes of MH surgery
2.
As you prepare for this patient's surgery, what should you consider regarding patient selection and surgical procedures in the current study?
A The surgeons performing the procedures had no previous experience in MH surgery B All cases featured an obvious ERM C Most patients had cataracts of grade 3 or more D
The ILM was peeled off the retina over three disc diameters
3.
Which of the following regarding general outcomes of the current study of MH surgery is most accurate?
A The MH was closed in all cases after the initial surgery B
Half of cases were affected by increased intraocular pressure after surgery C BCVA was improved at 6 months after surgery, but not at 3 months D BCVA was not significantly improved after surgery
4.
What should you consider regarding the GCC among patients in the current study?
A The mean GCC thickness remained similar pre-and postoperatively B
The GCC thickness increased in the treated vs untreated eye by 3 months postoperatively C The area of GCC changes was limited to the area touched by the forceps D Postoperative GCC changes correlated with retinal sensitivity of the central 10 degrees 
